T
he stability of the mammalian genome relies on efficient repair of DNA double-strand breaks (DSBs), which can arise from normal metabolism, exogenous DNA-damaging agents, or endonuclease activity (1) . In mammalian cells, the nonhomologous end-joining (NHEJ) and homologous recombination DSB-repair pathways serve as genomic caretakers (1, 2) . Cellular gatekeepers regulate progression through the cell cycle in response to DNA damage and induce either apoptosis or cell-cycle arrest to provide sufficient time for repair by caretaker functions (3) . The known NHEJ factors include Ku70, Ku80, and the DNA-dependent protein kinase catalytic subunit (DNA-PKcs), which comprise the DNA PK holoenzyme, plus XRCC4 and Lig4, which function in ligation. These factors also are required for V(D)J recombination, the process by which antigen-receptor variable-region genes are assembled during lymphocyte development. Initially, the recombination-activating gene 1 and 2 (RAG1͞2) endonuclease introduces DSBs at component V, D, and J recombination signal sequences; then, ubiquitously expressed NHEJ factors perform the subsequent joining steps (4) .
Mice deficient in Lig4 (or XRCC4) exhibit a pleiotropic phenotype including late embryonic lethality, cellular growth defects and ionizing-radiation sensitivity, severely impaired lymphocyte development caused by inability to form V(D)J joins, and massive apoptosis of newly generated neurons (5-7). Ku-deficient mice display most of these defects and are smaller than littermates, but they are born in normal numbers and survive into adulthood; DNA-PKcs-deficient mice appear relatively normal except for some ionizing-radiation sensitivity and impaired lymphocyte development caused by defective V(D)J joining (8) . The Ku, XRCC4, and Lig4 proteins are conserved in yeast, where they also function in NHEJ (9) . To date, there is no compelling evidence for any in vivo function of the DNA-PK or Lig4-XRCC4 protein complexes beyond their common role in NHEJ.
The embryonic lethality and increased neuronal apoptosis associated with Lig4 and XRCC4 deficiency were rescued dramatically by p53 deficiency, indicating that these phenotypes result from a p53-dependent response to DNA damage (10, 11) . In contrast, p53 deficiency did not rescue either the B or T cell developmental defects of Lig4-or XRCC4-deficient animals, consistent with inability of p53 deficiency to restore the V(D)J recombination͞ NHEJ defects (10, 11) . Likewise, p53 deficiency did not rescue the V(D)J recombination defects associated with Ku80 or DNA-PKcs deficiency and also did not affect ability of these genotypes to generate normal numbers of viable progeny (12) (13) (14) (15) (16) . However, in the p53-deficient background, absence of any NHEJ factor resulted in nearly universal development of aggressive pro-B cell lymphomas that harbored translocations between IgH and c-myc loci. NHEJfactor deficiencies also led to increased spontaneous genomic instability in cultured embryonic fibroblasts (MEFs; refs. 10, 12, and 17-19), consistent with a critical role as a genomic caretaker.
The ATM protein, a serine͞threonine protein kinase, is a member of a family of large proteins, including DNA-PK, which contains a phosphatidylinositol 3-kinase domain (20) . ATM, like p53, functions as a cellular gatekeeper and is a key initiating factor in the cascade of events leading to activation of multiple DNA damageresponsive signaling pathways and cell-cycle checkpoints (2) . In response to DSBs, ATM acts upstream of p53 and controls its activity through phosphorylation and stabilization of the protein (2) . Cells deficient in ATM exhibit defective cell-cycle checkpoints at the G 1 ͞S transition, during S phase, and at the G 2 ͞M boundary; whereas p53 mutation predominantly effects the G 1 ͞S transition (2) . In addition to impaired cell-cycle-checkpoint activation, ATMdeficient cells also possess distinct DNA-repair defects (20) . This combination of defects may lead to the complex phenotypes observed in ataxia telangiectasia patients and cell lines, including ionizing-radiation sensitivity, genomic instability, neurological and vascular abnormalities, infertility, and predisposition to lymphoid malignancy (20) .
Methods
Mice. All mice were housed in a pathogen-free facility. The Lig4 (5), Ku70 (21), Ku80 (22) , DNA-PKcs (23), and ATM (24) (25) (26) knockout mice used in this study were generated and characterized previously. The severe combined immunodeficient (scid) mice were obtained from The Jackson Laboratories. The P values for rescue of embryonic lethality were calculated based on the total number of Lig4 Ϫ͞Ϫ ATM ϩ͞ϩ (5, 11) ) were plated in duplicate onto gelatinized 6-cm dishes. The cells were trypsinized, stained with trypan blue, and counted every 48 h. Cell number (ϫ10 5 ) is plotted as a function of time (days). The results represent the average of three independent experiments by using MEFs derived from at least two different embryos. Senescenceassociated ␤-galactosidase activity was measured by assaying for ␤-galactosidase activity as described (11) .
Lymphocyte Development. Fetal liver cultures were established as described (5) . The cells were harvested at day 10 in culture and then stained with anti-IgM-phycoerythrin and anti-B220-FITC antibodies (PharMingen) and propidium iodide. Data were collected on a FACSCalibur flow cytometer (Becton Dickinson) and analyzed by using FLOWJO software (TreeStar, San Carlos, CA). Single-cell suspensions of splenocytes from postnatal day-1 (P1) littermates were stained with anti-IgM and anti-B220 antibodies and analyzed as above. Single cell suspensions of thymocytes from P1 littermates were stained with anti-CD25, anti-CD4, and anti-CD8 fluorescence-conjugated antibodies (PharMingen and Southern Biotechnology Associates).
Spectral Karyotyping Analyses. Passage 3 MEFs (1 ϫ 10 6 ) were plated onto gelatinized 10-cm dishes and cultured for 16 h. Colcemid (GIBCO͞BRL; KaryoMAX solution) was added (100 ng͞ml), and the cultures were incubated for 3 h. Fetal liver cells (day 10 in culture) were incubated with colcemid (10 ng͞ml) for 12 h. Chromosomal aberrations were quantified by using a Nikon Eclipse microscope equipped with an Applied Spectral Imaging interferometer (Carlsbad, CA) and ϫ40 and ϫ63 objectives.
Results
Given the role of ATM in regulating p53 activity, it seemed likely that ATM could modulate the cellular and organismal phenotypes associated with NHEJ deficiency in a manner similar to p53. Therefore, to elucidate potential genetic interactions between ATM and NHEJ, we bred the ATM-deficient background into various NHEJ-deficient backgrounds. First, we bred Lig4 ϩ͞Ϫ mice (5) (Fig. 1a) , demonstrating that ATM deficiency can rescue Lig4 Ϫ͞Ϫ embryonic lethality, albeit at numbers below the predicted Mendelian frequency. ATM haplosufficiency also rescued Lig4 Ϫ͞Ϫ embryonic lethality, although to an even lesser extent (Fig. 1a) . In all cases, the rescued pups were growth retarded, and most did not survive beyond postnatal day P1 or P2 (see Fig. 1a , legend). Thus, although clearly significant, neither the extent of postnatal rescue nor the duration of postnatal survival was as great as that observed in the context of rescue by p53 deficiency (11) . Although differences in the genetic background of the ATM-vs. p53-deficient strains could contribute theoretically to these survival differences, we favor the possibility that more fundamental differences in the role of ATM vs. p53 in maintenance of genomic stability may be a major factor (see Discussion).
ATM has been suggested to play an important role during neuronal development as a survival checkpoint that eliminates neurons with excessive DNA damage (27, 28) . We performed a histologic analysis of the developing central nervous system (CNS) at E13.5 in Lig4 Ϫ͞Ϫ ATM Ϫ͞Ϫ embryos and found that ATM deficiency, like p53 deficiency (11) , substantially alleviated the increased neuronal apoptosis in this NHEJ-deficient background (Fig. 1b) . Similar conclusions were reached by a parallel study (29) . However, levels of pyknosis remained substantial in Lig4 Ϫ͞Ϫ ATM ϩ͞Ϫ embryos (Fig. 1c , data not shown), which is in contrast to the significant level of rescue observed in the Lig4 Ϫ͞Ϫ p53 ϩ͞Ϫ genotype (11) . To confirm these observations, we assayed for cellular DNA fragmentation, a hallmark of apoptosis, by TUNEL. Significantly, we observed few TUNEL-positive cells in Lig4 Ϫ͞Ϫ ATM Ϫ͞Ϫ embryos, as opposed to the high numbers in Lig4 Ϫ͞Ϫ ATM ϩ͞Ϫ embryos (Fig. 1c) . These findings, together with our earlier findings of essentially complete rescue by p53 deficiency (11) , suggest that most of the increased neuronal apoptosis in the developing Lig4 Ϫ͞Ϫ CNS is signaled by ATM via p53.
In Lig4-deficient animals, B cell development is blocked at the B220 ϩ IgM Ϫ progenitor stage and T cell development is blocked at the CD4 Ϫ CD8 Ϫ progenitor stage because of inability to complete V(D)J recombination via the NHEJ pathway (11) . Notably, p53 deficiency does not rescue either B or T cell development in the Lig4-deficient background because of its inability to rescue NHEJ (11) . A parallel study to ours found that ATM deficiency also failed to restore Lig4-deficient T cell development (29) . Surprisingly however, the latter study also reported that development of neonatal Lig4 Ϫ͞Ϫ ATM Because of poor survival and poor health, it is difficult to obtain large numbers of viable postnatal Lig4 Ϫ͞Ϫ ATM Ϫ͞Ϫ animals for analyses of lymphocyte development. Moreover, it is impossible to obtain a Lig4 Ϫ͞Ϫ control mouse at this postnatal stage. Therefore, to assess the effects of ATM deficiency on Lig4 The number of live-born pups and embryos at the indicated developmental stages of the relevant genotypes (as indicated) is shown with the expected Mendelian numbers in parentheses. No scid Ϫ͞Ϫ ATM Ϫ͞Ϫ pups were observed in over 360 pups born from scid ϩ͞Ϫ ATM ϩ͞Ϫ intercrosses (data not shown). In preliminary results, no live-born DNA-PKcs Ϫ͞Ϫ ATM Ϫ͞Ϫ pups were observed in breedings between DNA-PKcs ϩ͞Ϫ ATM ϩ͞Ϫ mice, and no scid Ϫ͞Ϫ ATM Ϫ͞Ϫ embryos (E12) from breedings between scid Ϫ͞Ϫ ATM ϩ͞Ϫ and scid ϩ͞Ϫ ATM ϩ͞Ϫ mice were observed.
deficient B cell development more thoroughly, we used an in vitro differentiation system to determine the ability of fetal liver progenitor B cells from the various backgrounds to differentiate into IgM ϩ B cells (5) . As a positive control, we observed progression of B220 (Fig. 1d, representative data are shown) . We conclude that in the strains we have studied, ATM deficiency, similar to p53 deficiency, does not lead to significant rescue of Lig4-deficient B cell development beyond the IgM Ϫ pro-B stage. Potential reasons for this apparent discrepancy with the parallel study (29) will be considered in the Discussion.
Increased doubling times and premature senescence are characteristics of Lig4-deficient MEFs, and p53 deficiency rescues these phenotypes (5, 11) . In striking contrast, ATM deficiency further impaired the ability of Lig4 Ϫ͞Ϫ cells to proliferate in culture (Fig.  2a) . The Lig4 Ϫ͞Ϫ ATM Ϫ͞Ϫ MEFs showed nearly complete growth arrest under normal culture conditions, even at the earliest passage analyzed (passage 2-3). This severe growth defect correlates with a premature senescence phenotype as assayed by the senescenceassociated ␤-galactosidase activity assay (data not shown). Under the same culture conditions, Lig4-and ATM-deficient MEFs exhibited significantly reduced growth rates but still retained measurable proliferative capacity ( Fig. 2a; We used spectral karyotyping (SKY), a chromosome-painting technique, to assay for chromosomal abnormalities in Lig4 Ϫ͞Ϫ ATM Ϫ͞Ϫ MEFs and developing lymphocytes. Lig4 or ATM deficiency alone significantly increased the frequency of chromosomal aberrations in early-passage MEFs (19) . However, p53 deficiency, either alone or in combination with Lig4 deficiency, had no observable effect on genomic stability as assayed by SKY (19) . In contrast, the combined Lig4 and ATM deficiencies resulted in an additive phenotype in which 100% of the metaphases examined contained at least one chromosomal abnormality (Table 2 ). In addition to the quantitative effect, the combined Lig4 and ATM deficiencies led to frequent appearance of complex aberrations in which single chromatids from different chromosomes were fused, whereas the sister chromatids of each either remained intact or were broken (Fig. 2 b-d) . These unusual interchromosomal structures may represent partial translocations in which intermediates are trapped because of impaired ability of cells to complete the generation of translocations in the absence of both Lig4 and ATM functions. SKY analysis of fetal liver progenitor B cell cultures revealed further differences between the effects of p53 and ATM deficiencies (Table 2) . Surprisingly, of the metaphases examined, neither Lig4 nor p53 deficiency, either as single or double mutants, led to genomic instability in developing B lineage cells. However, ATM deficiency caused observable levels of genomic instability in the developing B cell cultures, and in Lig4 Ϫ͞Ϫ ATM Ϫ͞Ϫ populations instability was further increased. Overall, our findings indicate that ATM and the NHEJ pathway play separate but complementary roles in maintaining genomic stability and support the notion that ATM plays a more significant role than p53 in suppressing chromosomal aberrations.
To explore the interplay between ATM and the NHEJ pathway further, Ku70 ϩ͞Ϫ (21), Ku80 (8) . In addition, these ratios were not influenced significantly by p53 deficiency (12) (13) (14) (15) (16) . Surprisingly however, we observed no live-born Ku70 Ϫ͞Ϫ ATM Ϫ͞Ϫ , Ku80
pups from these intercrosses, indicating that ATM deficiency induces embryonic lethality in a DNA-PK-deficient background (P Ͻ 0.001 for each intercross; Table 1 ). Moreover, Ku80͞ATM double-deficient embryos were not represented at E11.5, indicating that death occurred early in development (P Ͻ 0.001; Table 1 ). This embryonic lethality was not associated with a specific ATM Ϫ͞Ϫ background, because we tested different ATM-deficient strains in the context of the Ku70 (26), Ku80 (25) , and scid (24) breedings (Table 1) . Therefore, these observations coupled with the contrasting results of ATM deficiency in rescuing Lig4 Ϫ͞Ϫ embryonic lethality point to a unique and vital role for the DNA-PK holoenzyme during embryonic development, which is distinct from its role in Lig4-dependent NHEJ.
Discussion
ATM deficiency significantly rescues embryonic lethality and increased neuronal apoptosis associated with Lig4 deficiency. On the basis of our previous findings of similar rescue by p53 deficiency (10, 11), our current findings indicate that most neuronal apoptosis results from an ATM-signaled p53 response to unrepaired DSBs in the NHEJ deficient background. This interpretation is consistent with the observation that ionizing-radiation-induced apoptosis of neuronal cells is an ATM-dependent response (27) . Likewise, our findings indicate that the ATM pathway is a major contributor to the embryonic lethality associated with Lig4 deficiency. Because the ATM-dependent cellular response is specific to DSBs, these findings further support the notion that DSBs, as opposed to other types of damage, are the major offending lesions in developing NHEJ-deficient neurons. Finally, we note that ATM deficiency, like p53 deficiency, failed to substantially rescue impaired B lymphocyte development that occurs in a Lig4 Ϫ͞Ϫ background. Our preliminary analyses also indicate that ATM deficiency similarly failed to rescue T cell development. The latter observations further suggest that absence of ATM, similar to absence of p53 (10, 11) , does not rescue Lig4-deficient lymphocyte development, likely because of failure to restore NHEJ required for normal joining of RAG-liberated V, D, and J ends.
Our findings of severely impaired development of ATM Ϫ͞Ϫ Lig4 (29) , which would require V(D)J recombination to allow expression of both Ig heavyand light-chain genes. One possibility for this apparent discrepancy would be strain differences. In this regard, there are no reports of the effects of the homozygous Lig4 mutation (7) used in the parallel study on lymphocyte development in the absence of ATM deficiency (29) ; conceivably, this mutation could be leaky. However, more detailed molecular analyses still may reveal subtle differences, The number of events observed in each of the categories of chromosomal aberrations was scored for metaphases from MEFs (Upper) and developing lymphocytes from fetal liver cultures (Lower) of the indicated genotypes. The percentage of metaphases with any structural abnormalities is shown on the bottom row. Some metaphases contain multiple anomalies.
perhaps strain dependent, in the repair of DSBs between the p53-and ATM-deficient backgrounds; for example, because of the absence of additional cell-cycle checkpoints in the latter that theoretically lead to ability to generate functional V(D)J ends. Finally, we note that the apparent rescue of B cell development observed in the parallel study may have resulted from an overestimate of the numbers of IgM ϩ cells in all samples. In this regard, essentially no B220 ϩ IgM Ϫ B lineage cells (that should be resident even in wild-type neonatal spleen) were noted in any reported sample (29) . In any case, we conclude that in our lines ATM deficiency does not result in a substantial rescue of Lig4-deficient B cell development.
Despite the qualitatively similar effects of p53 and ATM deficiencies on the rescue of Lig4 Ϫ͞Ϫ embryonic lethality and neuronal apoptosis, our studies demonstrate significant differences in the function of these cellular gatekeepers. Thus, ATM deficiency significantly augments the premature senescence and growth defects exhibited by Lig4-deficient MEFs and enhances the spontaneous genomic instability in these cells. In contrast, p53 deficiency has been shown to rescue the growth defects of Lig4 Ϫ͞Ϫ MEFs and has no significant impact on genomic instability. These differences likely result from loss of the more pleiotropic functions of ATM in comparison to those of p53. ATM-deficient cells exhibit multiple defects in cell-cycle checkpoints (G 1 ͞S transition as well as S phase and G 2 ͞M boundary), which may decrease the potential for accumulated DSBs to be repaired efficiently by NHEJ-independent repair pathways in the Lig4 Ϫ͞Ϫ ATM Ϫ͞Ϫ background. In addition, ATM plays a distinct role in controlling DSB repair (20) . This role may be mediated through the regulation of DNA-repair proteins such as NBS1 (31) (32) (33) (34) and BRCA1 (35, 36) . The combined effects of loss of these ATM-dependent functions may contribute to the early postnatal death of Lig4 Ϫ͞Ϫ ATM Ϫ͞Ϫ mice, which contrasts with the survival of Lig4 Ϫ͞Ϫ p53 Ϫ͞Ϫ mice into young adulthood (11) . In this regard, p53 deficiency allows cells normally arrested at G 1 to progress into other phases of the cell cycle in which functional checkpoints may permit damage repair by alternative pathways (i.e., homologous recombination; ref. 37) .
In contrast to Lig4 (or XRCC4) deficiency, which causes late embryonic lethality, mice deficient in Ku-or DNA-PKcs survive into adulthood and have a relatively normal lifespan. Although p53 deficiency dramatically rescued the embryonic lethality of Lig4 (or XRCC4) deficiency, it had no impact on development in Ku-or DNA-PKcs-deficient mice. Strikingly, despite the ability of ATM deficiency to rescue embryonic lethality of Lig4 deficiency, it caused early embryonic lethality in Ku-and DNA-PKcs-deficient backgrounds. This synthetic lethal effect is distinct from the embryonic lethality caused by mutation in Lig4 or XRCC4, which leads to death of the mutant embryos at a significantly later stage of development. On the basis of our findings, we conclude that the DNA-PK holoenzyme must have a function that is distinct from its role in the NHEJ pathway of DNA repair. Based on the known function of the evolutionarily conserved Ku heterodimer as a DNA end-binding factor, this additional DNA-PK function likely involves DSB recognition. Thus, it is possible that such a function may overlap with an essential ATM function involved in recognition of DNA lesions and initiation of subsequent cellular responses,leading to early death of embryos deficient for both ATM and DNA-PK activities. Alternatively, this DNA-PK function may be distinct from that of ATM but additive in the impact of its loss. For example, the two proteins may have different functions in maintenance of telomere length (18, 38, 39) . Further resolution of such issues may be provided by analyses of cells and mice containing conditional mutations that inactivate ATM and͞or DNA-PK function.
